The remanufacturing industry is rapidly becoming a source of economic growth and environmental benefit. In the past, researchers have presented cost and energy savings due to remanufacturing a variety of products, largely based on the results of industry-wide surveys. However, little or no effort has focused on the life cycle assessment of remanufacturing. In fact, no study has performed a life cycle assessment of engine components, comparing the original component manufacture with remanufactured components. In this paper, a comparison of the original manufacture and remanufacture of components from a typical Caterpillar diesel engine is described. The "gateto-gate" analysis considers components that represent a majority of the engine assembly by weight. The comparison is made in two measures of environmental performance: energy and material usage.
INTRODUCTION
As sustainability progresses from "buzz word" to vital production consideration, measuring the environmental impacts of products is becoming more important. A first step for manufacturers in addressing sustainability concerns is to develop an understanding of the current impacts of their products over the course of their lives. While businesses involved in the production of engines have been concerned about the impacts of the product use stage (through emissions regulations due to the Clean Air Act), U.S. regulations of manufacturing facilities are largely focused on maintaining worker safety and limiting exposure to hazardous substances. Short of the traditionally low influence that consumption-based measures like energy use had on production cost, there had been little impetus for U.S. manufacturers to invest in learning about the environmental performance of their products, much less attempt to improve it.
The objective of this study is to compare the original manufacturing and remanufacturing of engine components, utilizing internal company data from Caterpillar, an original manufacturer and remanufacturer of these parts. Results of such a study would provide a linkage between motivation to design for remanufacturing and quantitative estimates of the environmental benefit these efforts could provide when implemented. Despite a large focus on the differences between manufacturing using virgin and recycled materials, little attention has been paid to defining the differences when repairing durable components in remanufacturing operations. If a product at its end of use is remanufactured rather than reprocessed, it maintains at least some of the value for the production of a "new" product [1, 2] . Largely due to this fact, the remanufacturing industry has served as a very profitable venture because parts can be repaired and brought to "like new" condition for a significantly lower cost [3, 4] . While previous studies have estimated increased environmental performance due to remanufacturing, Caterpillar Inc. is in a unique position to directly inventory the environmental performance of its original manufacturing and remanufacturing processes and make a definitive comparison.
In terms of environmental impacts, perhaps the greatest focus within the environmental community right now is surrounding the phenomenon of global climate change. The Intergovernmental Panel on Climate Change (IPCC) released a detailed report in 2007 on its updated analysis of global climate change, concluding that the phenomena does exist and it is most likely due to the effects of human activities, predominately the emissions of carbon dioxide due to the combustion of fossil fuels. Assuming that greenhouse gases remain at year 2000 concentrations, the panel predicts the condition will cause a global warming of 1.1-6.4 degrees Celsius over the next century, as well as a 0.18-0.59 meters rise in sea levels [5] . The IPCC attributes the largest blame for this condition on the rapid increase in atmospheric carbon dioxide levels since the Industrial Revolution. In the United States, nearly 85% of all greenhouse gases (GHGs) emitted are carbon dioxide, and approximately 94% of all carbon dioxide emissions are due to fossil fuel combustion [6] . The largest source of carbon dioxide emissions in the U.S. was due to electricity generation (32.4%), and in 2005, the manufacturing sector consumed approximately 2x10 12 kW-hr, or about 6.7% of the national energy consumption [7] .
While there is a fair amount of focus on energy and its associated emissions today, other measures of environmental performance can be equally or more important depending on exactly what is being considered. The inclusion of different metrics with varying degrees of impacts on the environment begs the question, how do you compare tradeoffs in measures of different outputs? This is why some companies have either purchased or developed software to compare these different measures and their corresponding impacts. One of the most widely renowned methods of comparing these impacts is EcoIndicator 99, developed by Product Ecology Consultants (PRe') [8] . A software package developed by PRe', SimaPro 7.0, was used in the development of this analysis to serve as a guide for identifying the importance of different environmental metrics. η casting process efficiency (%) φ core usage efficiency (%) θ factor for attributing facility data to processes (%)
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PREVIOUS WORK
The previous section has addressed the basic research question posed in this work and presented some introductory information on the problem and the methodology used to approach it. The following section begins with a review of previous studies that developed an understanding of the remanufacturing industry's contributions to sustainability. The section concludes with a discussion of major studies specifically focused on remanufacturing engines.
Understanding the sustainability of a product or process requires the consideration of three critical criteria: economic, social, and environmental [9] . There has long been an understanding of the economic viability of remanufacturing. Researchers have found that remanufacturing operations can produce a part for much less and most are sold from between 45% and 65% of what new parts are [4] . A decade ago, Dr. Lund estimated that the remanufacturing industry represented $53 billion in sales in the United States [10] . Others now estimate it to be closer to $65 billion [11] .
The remanufacturing facility in Corinth, MS is the largest of Caterpillar's in the United States, providing over 700 high income jobs to a state whose median income is about $10,000 below the national household median income [12, 13] . From internal company data, it is also known that the lost time frequency and recordable injury frequency at the Corinth, MS facility are also a fraction of what they are for the industry average in vehicle parts manufacturing. This understanding supports the arguments for Caterpillar's remanufacturing operations being economically and socially sustainable.
While a fair amount is understood about the industry-wide energy use in remanufacturing, there is still little available data on specific product comparisons. Previous studies have focused on the use of fossil fuels for electricity production and heating, and one found that about 85% of the energy necessary for production could be saved by remanufacturing [14] . Xerox performed a case study on a particular photocopier line, learning that 27% of energy consumption was saved through remanufacturing the same line, and when a design change was made to make the product more modular, that savings boosted to 68% [15] . An input-output analysis focusing on the labor and energy costs of remanufacturing engines for gasolinefueled cars and trucks performed at Argonne National Laboratory estimated a 67% and 50% savings, respectively [16] . Most recently, a survey of a small MI remanufacturer was compared to the generic life cycle inventory from the USCAR AMP Study, concluding that remanufacturing of a gasoline powered automotive engine yielded a 68-83% energy savings and 26-90% raw materials savings [17, 18] .
SCOPE
The previous section sought to summarize the current understanding of remanufacturing industry's contributions to sustainability, while the following will present the boundaries for a study to specifically address the differences in environmental performance between the original manufacture and remanufacture of engine components. While some studies have attempted to estimate benefit from remanufacturing the whole engine, this is largely uncharacteristic of the industry. Rather, remanufacturing is utilized as a service or support mechanism for replacing used components on current products in the field. To best characterize the nature of this service, the components chosen for the study are the cylinder head, block, crankshaft, connecting rods and pistons. These components were chosen because they represent over half of the engine assembly's total weight and a diversity of salvage operations in the engine component remanufacturing business.
These selected components are manufactured at four major production facilities at Caterpillar: the Casting Facility, the Forging Facility, the Large Remanufacturing Facility, and the Small Remanufacturing Facility, whose production is illustrated in Figure 1 . The Casting Facility is Caterpillar's major American foundry located in Mapleton, IL. This facility produces cylinder heads, engine blocks, cylinder liners and some manifolds, all of which are castings. In this paper the Forging Facility considered is a virtual facility in that is represented by the best available industry data for producing general forged components. The energy data for this facility has been taken from the Department of Energy's Industry Assessment Centers Database [19] .
The Large Remanufacturing Facility is responsible for remanufacturing large engine components and is located in Corinth, MS. The facility remanufactures cylinder heads, engine blocks, and crankshafts, as well as some manifolds, gears, housings and flywheels. The Small Remanufacturing Facility is responsible for remanufacturing the smaller engine components and is located in Booneville, MS. These components include pistons, connecting rods, water pumps, oil pumps, and camshafts. In order to establish which metrics were most likely to affect the total environmental impacts of the iron engine components, a simple case study was performed to establish a baseline and provide direction for the larger study. A high volume model cylinder head was selected for study, and the consumptions in the casting process examined. The major flows were defined as the scrap iron used at the foundry, the sand used in the casting molds, the water required to cool the melting furnaces and the energy used to power the facility and its operations.
Using production volumes and process specifics, a simple analysis was developed. Figure 2 illustrates the relative weights of the environmental impacts calculated using the SimaPro software. Based upon these results, it was estimated that approximately 98% of the impacts of casting a new cylinder head were due to the iron and the energy used to heat and form it, and therefore these should be the metrics of focus in this study. 
METHODOLOGY
To develop a methodology for approaching this comparison, the generic product life cycle, shown in Figure 3 , should be considered. At the end of a product's use, a decision must be made about how to proceed. A series of questions defines the decision of whether to remanufacture or reprocess (melt down) for material content. Is the part fit for reuse in the existing or another system? Does it require some repair, adjustments or other modifications (remanufacturing processes) to its current structure to once again function as part of a system? Or, has the part exhausted so much of its "value" that it is not worth remanufacturing, and therefore must be reprocessed as scrap?
This decision logic supports the basis for the comparison of originally manufactured and remanufactured components. The methodology of this work also follows the guidelines for a life cycle assessment (LCA), a set of standards exists for performing such a comparison. As defined by the standards set forth by the International Organization for Standardization (ISO), a life cycle assessment contains four phases: goal and scope, inventory analysis, impact assessment, and interpretation [20, 21] . In the goal and scope stage of the assessment, the boundaries of the study are set and the assumptions declared. The inventory analysis is the process of compiling the data, or environmental performance metrics, on the product/process being studied. After the inventory has been compiled, the data is attributed to environmental impacts, which is known as the impact assessment stage. Once the goal and scope of the study have been defined, generally the largest amount of time is spent in recovering the data necessary for the inventory, while the impact assessment is conducted using industry-accepted software. Now consider Figure 4 , which depicts the traditional comparison of a newly manufactured part and its remanufactured counterpart. This compares all the impacts of the first manufacture against the additional impacts incurred while disassembling and remanufacturing (or salvaging) the component, integrating it into an assembly, and using it again. The comparison of impacts is described in Equation 1
where I xk is the total environmental impact attributed to the x th use and the k th component, and E xk , P xk , M xk , A xk , U xk , D xk , R xk are the environmental impacts associated with the material extraction, processing, manufacturing, assembly, use, disassembly, and remanufacture of the k th component during the x th use. Despite the fact that this is the traditional approach to the problem, Equation 1 neglects the fact that a used part is required in order to remanufacture a part. There is a certain amount of value manufactured into the material during the original manufacture, without which, remanufacturing the part would not be feasible. The question remains: how should such factors be taken into account? The ISO guidelines do not provide a specific recommendation on how to proceed with such a condition, and no known work has documented an approach to it.
The following section will detail the assumptions and considerations that were incorporated into this work for dealing with the inconsistencies in the logic of the traditional comparison between new and remanufactured components. 
Assumptions
The following discussion supports the basic assumptions and rolls them up into the defining methodology of the study. The general assumptions used in this life cycle assessment of manufacturing and remanufacturing engine components are:
• The scrap metal used for manufacturing engine components has an infinite number of uses, • The assembly and disassembly stages of the product life cycle are insignificant in terms of environmental performance, • Machining operations with low process times are insignificant enough in terms of environmental performance to neglect, • The impacts of facility infrastructure and processing equipment is relatively insignificant when considering the length of their lives, • The role of transportation in the product life cycle is small enough to neglect, and • Originally manufactured and remanufactured engine components experience roughly the same use conditions (wear rates, hours to failure, etc.).
The iron used in the manufacture of the engine components is assumed to have an infinite number of uses because the electric arc furnaces can accept 100% scrap iron as its feedstock [23] . This is further reinforced by the remanufacturer's decision whether it is cost feasible to remanufacture a part, or if it makes more business sense to sell the used component on the scrap market. Chips produced in machining operations are always sold on the scrap market, and even defectively formed components have the option to either be remanufactured or return to the scrap flow of materials used in original production.
The assembly and disassembly stages are neglected in the assessment of process environmental performance because the associated processes do not use significant energy or materials. These operations are largely manual, most times aided by the use of pneumatic tools. In the event that robotic assembly or disassembly was used heavily, this assumption may have to be re-evaluated. Much along the same lines, low process time machining operations have been neglected in the process assessments. On a mass basis, machining operations are about sixty times less energy intensive than the lowest estimate of forging energy [24] .
The variation between the operational uses of originally manufactured engine components and remanufactured engine components is not well known. What is well understood is the guarantees that Caterpillar's remanufactured components receive. Each remanufactured components is salvaged to a "good as new" condition and attributed the same warranty as originally manufactured parts. In a business sense, the usage pattern for remanufactured components is treated the same, and so for the purpose of this study, it is assumed that a remanufactured component will undergo the same wear and tear as a new component.
In this study, the environmental performance of facility infrastructure and processing equipment are also considered to be insignificant due to high production volumes. This is consistent with established life cycle assessment practice [25] . Transportation was also neglected due to its relative insignificance. Smith and Keoleian [18] neglected the impacts of transportation in their study because their environmental burden model yielded transportation's impact no more than 5% up to 600 miles of total transportation. There is no evidence to suggest that this assumption is not true for Caterpillar's engine component supply chain as well.
Now that the scope boundaries have been set and the assumptions defined, the fundamental equation can be rewritten as Equation 2.
( )
The equation still reflects the traditional logic in terms of assessing savings to a remanufactured component. However, a check should be performed to make sure the output seems logical. Consider a hypothetical process metals comparison between an originally manufactured engine block and a remanufactured engine block. Ore is extracted from the ground, processed into metal, and manufactured into the component. At its end of use, the remanufactured component is simply washed, since blocks generally do not crack or require any additive salvage processes. Since this work has assumed that the metal has an infinite number of uses, the comparison should show no material savings for the remanufactured part. However, the hypothetical benefit calculated from Equation 2 is equal to E 1k +P 1k .
Clearly, there are some inconsistencies in the logic. The authors assert that the reason for the discrepancy lies in the traditional assumption that the used part, as shown in the process comparison in Figure 5 , is used as an inflow to the remanufacturing process for "free", despite the fact that the remanufacturing process clearly benefits from the value that is manufactured into the component. Figure 5 depicts a conceptual understanding of how value is added to the product/material, in this case iron, throughout the stages of the product life. Despite its common use in everyday speech, value is a complex concept to work with. Webster's Dictionary defines it as the "relative worth, merit, or importance." The authors propose that value is a characteristic that is perceived, i.e., subjective and specific to the user, and that in the case of manufacturing, the more processes a workpiece or part undergoes, the greater value it has (assuming that these processes are "value-added"). With reference to Figure 5 , it is illustrated that from cradle to gate (material extraction through manufacturing), the material or part gains an arbitrary amount of value. Once the finished product starts to be used, it begins to lose value as it degrades. For engine components, it is assumed that at some point a decision is made to end the part's use altogether (perhaps due to failure), and at that time the part has value somewhere between its refined material value and its value as a functioning part of a system, including the endpoint values. Is the traditional view a fair accounting of production impacts?
Isn't a part required in order to engage in remanufacturing? This work asserts that each material use should have to share some responsibility of the burdens associated with the life cycle stages it surpasses by recovering the manufactured value in the material. This shift ideological approach is what most differentiates this work from previous studies. Since there is no logic to support that any one use benefits from the previous steps more than any other, it is assumed that the impacts during these lower value stages are distributed equally. These impacts are distributed amongst a number of different uses and will be herein referred to as "carryover impacts". Carryover impacts are due to product life cycle stages that all use cycles benefit from, but may only occur during the flow of one particular use cycle. Carryover impacts are reassessed at the beginning of each new use to ensure that there is no double-counting of impacts. For example, if a part were reprocessed (melted down), the reprocessed product's carryover impacts would only apply to the impacts due to the material extraction.
This study compares an originally manufactured component and a remanufactured component, and so the carryover impacts in this situation would be defined by Equation 3 (
where E xk is the environmental impact associated with material extraction for k th component during x th use and P xk is the environmental impact associated with material processing for k th component during x th use and n is the total number of uses of the material required for the k th component. In developing the comparison, since the material extraction and processing impacts are divided equally amongst the uses, this means they can be neglected in the study. A reassessment of the defining equation then shows that the difference in the environmental impacts between the originally manufactured product and its remanufactured counterpart can be defined by Equation 4 .
defines the fundamental research question for this study, and forms the calculation from which a crediting mechanism can be established. From the perspective of an OEM remanufacturer, Equation 4 establishes what "credit" should be assigned to the OEM for reclaiming their used components and restoring them to "as good as new" condition. From the perspective of a customer, it defines what environmental savings should be attributed to the customer's purchase of a remanufactured part.
Facility Assessments
Understanding the limits of available data and the scope of the life cycle comparison, methods must be devised to allocate facility and process impacts to the production of individual engine components. Two methods are described herein. The first such method is described as a facility assessment, and in this study will be utilized to allocate facility totals to components that are cast. Conducting a facility assessment based upon weight is most suitable for repetitive manufacturing processes because of the similarities between the operations (e.g., casting a large cylinder head is essentially the same as casting a small one). Equation 5 illustrates the calculation method of energy intensity (e.g., kW-hr/lb) for manufacturing a component in a standard process
where ΣEnergy is the amount of energy used in a given year, and ΣW S (which incorporates process inefficiencies) is the total weight of product shipped for a given year, or the total weight of finished product that leaves the facility doors. Now understanding how to simply attribute facility data, a more detailed assessment method will be developed to measure the environmental performance of the portions of the facility impacts driven by product and process design.
Process Assessments
There are two types of environmental impacts associated with a manufacturing/remanufacturing facility: production and support. This section of the work will attempt to separate the two types of impact and focus on the impacts that can be affected through product and process design revisions. The first discussed are those used in the original manufacture of components.
The Casting Facility is a high volume production facility that produces hundreds of millions of pounds of castings each year. Despite the prevalence of energy in the cost of the product it manufactures, the foundry has limited internal metering. For this reason, a process assessment of the castings must utilize process knowledge to derive an allocation of facility metrics. This process knowledge was derived from an interview with a utilities engineer at Caterpillar's foundry [26] . This knowledge can be used to attribute process energy based upon weight, as shown in Equation 6
where W k is the weight of component k, η is the shipped to poured weight efficiency, ΣEnergy is the amount of energy used in a given year, ΣW P is the total poured weight for a given year, and f θ is the allocation factor (0.0-1.0) for facility f corresponding to the percentage of the facility impacts that can be attributed to production.
The results of the Hilbert [26] interview estimated that 50% of the electricity used at the foundry was for melting and holding of the molten metal. About a quarter was used for ventilating the facility and the remaining quarter was used for general utilities. While the melting and holding electricity can totally be allocated to production, ventilation and general utilities have ties to both production and support functions. The melting and holding is totally allocated to production, while the remaining allocation is equally shared between the production and support functions. Additionally, 70% of the natural gas used at the foundry is used for building heat during the colder months of the year, while 30% is used processing through heat treat operations. This information was compiled into a composite allocation factor, θ f , for the Casting Facility. Attributing the energy use in the forging process is a bit more difficult. Since the Forging Facility considered in this study is a virtual facility, there is no utilities expert to confer with to separate the production energy from the support energy. For this reason, the entirety of the facility energy total is allocated to the process ( f θ =1.0).
Next, the process energy assessment for the remanufactured components is described. The average salvage energy can simply be calculated by adding the products of the average energy used per process and the frequency of its use. Despite best efforts to meet production demands with "core" (used parts); oftentimes new parts must be seeded into the production flow to meet demands and deadlines. Current efficiencies are equal to about 60% of the weight. This situation might occur for two reasons: (1) either there are no available cores to fill the demand, or (2) a salvage process has not yet been developed that will remanufacture the particular part cost effectively. Equation 7 defines this relationship:
where k φ is the core usage efficiency for component k, jk β is the frequency of use for salvage process j and component k, S jk is the environmental impact associated with salvage process j and component k, and M 1k is the environmental impact associated with originally manufacturing the component k.
Now we can rewrite Equation 4 as Equation 8
.
There also is some specific variability attributable to Caterpillar's supply chain being introduced into the calculation due to the lack of core availability. This may be due to the amount of time it takes for parts at the end of use to arrive at the remanufacturing facility. Therefore, a separate calculation will be made to identify the difference in environmental performance when good core is always available. Equation 9 will define this relationship.
Krill and Thurston [27] have suggested that the use of sacrificial cylinder liners has provided economic and environmental benefit by decreasing the wear on the block. Their decision model developed a relationship that balanced economic and environmental considerations. Now that a method has been developed assessing the process energy required to manufacture new blocks, remanufacture old blocks, and manufacture cylinder liners, the environmental benefit question, incorporated with the block comparison, can also be broached. A modification is made to the previous definition of impacts due to remanufacturing, now defined in Equation 10 as
where y is the number of cylinders in the block. The benefit due to remanufacturing blocks including the impacts of the cylinder liners during actual practice can be calculated with 
DATA AND RESULTS
As environmental performance gains consideration in the design process, methods for predicting environmental impacts and actually measuring them "in process" are sure to improve. However, at this time, there is a significant lack of availability of relevant life cycle inventory data for manufacturing and remanufacturing processes. The following process and facility assessments utilize the best available data and assumptions to gather a meaningful analysis of new manufacturing and remanufacturing of primary engine components.
Facility Assessments
The easiest and most comprehensive method to investigate the magnitude of a given facility's impact on a given metric (e.g., energy) would be to simply divide the sum of the metric for a given year by weight of the products produced for that same year. The relative results of this calculation are shown in Figure 6 . Despite the relative ease of this method, there are a couple reasons why this method should only be used as a first glance. First of all, it's easy to make comparisons that aren't necessarily functionally equivalent. To illustrate, it can be said that both the Casting Facility and the Large Remanufacturing Facility produce cylinder heads and blocks, but they don't necessarily produce them in the same form. While the Casting Facility takes the scrap metal and melts and forms it into a casting and subsequently heat treats it, the Large Reman Facility also does machining and sub/full assembly in-house, more of a one-stop shop. Machining and assembly may not require large amounts of process energy, but they do require floorspace, something that the Casting Facility benefits from by outsourcing those operations. A second reason to be wary of simple densities is the role of suppliers. Suppliers might be providing processes like machining or parts like valves. While these are incorporated into the price of a part or assembly, facilities are unlikely to claim a share of their suppliers environmental metrics. Still another consideration to give in this calculation is production volume.
While the remanufacturing facilities have fairly low energy use, they also have proportionally lower production volumes. Due to the relatively low production volume in comparison to the original manufacturing facilities, energy attributed to facility support (heating, cooling, lighting) becomes more prevalent in facilities of similar size. All these arguments suggest the need to drill deeper and determine what is truly implicated by the data. 
Process Assessments
The process data collected for this study is a snapshot in time for manufacturing and remanufacturing engine components. It is especially important to recognize that the manner in which products are remanufactured is dependent upon a number of factors, many of which are out of the control of those responsible for remanufacturing specific components. These factors include the following:
• Availability of core parts that meet the given demand, While the latter conditions may be somewhat stagnant across the engine design and remanufacturing industry, availability of core parts is likely the variable with the most fluctuation. Currently, the viability of good cores is set at 60% of the weight, and this figure is the basis for incorporating this factor into the analysis. In order to assess the potential environmental impact benefit due to engine remanufacturing, an additional data analysis was developed to address this mitigating factor. First, it was assumed that the condition in which core parts were returned could not be readily altered; once the customer purchases the machine/engine, they are free to use it and maintain it as they see fit. Engine component designs change over time, and at this point, remanufacturing process must just work to overcome the challenges. There is also no readily evident way to predict changes in salvage technology or improvements in human error and machine efficiencies. Due to these reasons an analysis of the benefit achieved given "100% good core", a scenario in which all remanufacturing part demands can be met with remanufacturable cores, was performed.
The remaining section contains the data analysis performed according to the methodology described in the previous section. While environmental performance does not currently seem to be a dominant factor in sales, it will certainly gain importance in the future as consumers begin to make purchasing decisions from a life cycle perspective. Caterpillar Inc. therefore reserves the right to withhold proprietary product design and manufacturing information, such as these metrics. Rather, the data is nested in proportions of environmental benefit, such as Tables 1 and 2 , which answer the fundamental questions of this research. Several cells indicate the impact of using cylinder liners on engine block manufacturing and remanufacturing, and while these liners are all melted down at end of use, they certainly play a role in the wear of engine blocks.
The data analysis for Scenario #1 (Table 1) depicts the comparison of the current state of affairs in Caterpillar's remanufacturing and original manufacturing operations. Process comparisons utilize process knowledge and the logic contained in Equation 8 . Process frequencies were averaged from a data set of three high volume engine models in order to determine the average process impacts for a cylinder head. Basically, Table 1 depicts the process energy and metals benefit in the remanufacturing flow as compared to the original manufacturing product flow. For the remanufactured parts, the total impacts of each process is added, including impacts from new manufacturing for the part orders that cannot be filled with available core, incorporating process frequencies for different operations and scrap. While the quantitative energy benefit of remanufacturing is not given, the rank of importance amongst the studied components is given. Scenario #2 (Table 2) varies only slightly from scenario #1 as it assumes 100% good core availability, i.e. demand for any part is met with a remanufacturable core. The difference between Scenario #1 and Scenario #2 is the potential for greater benefit due to remanufacturing. The primary cause of reduced process environmental savings is the lack of available core parts. A secondary cause is the environmental impact intensity of the salvage and cleaning processes. A third cause, not captured in the figures but embedded in the analysis, is the percentage of product that is scrapped at some stage in the remanufacturing process. These core parts require intense cleaning and inspection before the true nature of their failure is understood, and their impacts can already be spent by the time it is determined that the parts cannot be remanufactured. Figure 7 depicts the comparison of new cylinder head manufacturing to remanufacturing, with breakouts that illustrate the sources that contribute to the remanufacturing total. Similar process breakdowns were done for the other remanufactured components. The following figure depicts both the current process energy benefit due to remanufacturing, as well as the potential benefit in an idealized scenario in which all demands for remanufactured components could be met with remanufactured cores. A constant theme throughout the analysis is that the use of new parts to supplement cores is the dominant energy use. The second most dominant use is due to the energy-intensive cleaning operations. In total, the wash processes account for approximately 75% of the total energy use in the remanufacturing of a cylinder head. The other remanufacturing operations were minor in terms of their impacts when compared to the cylinder head operations. Cleaning remained a dominant energy consumer for remanufacturing all of the components. A salt bath operation is used in cleaning, and it consumed about 95% of the total energy consumption required to remanufacture the engine block. Crankshafts generally required a few long grinding operations which consumed about half of the total energy, the other half is attributed to washing operations. Washing operations were also dominant in terms of energy use in both the piston and connecting rod remanufacturing operations.
Implications for Design for Remanufacturing
Now that there is some understanding in the differences in process energies required for original manufacturing and remanufacturing of engine components, this understanding can be extrapolated to infer results of implementing design for remanufacturing criteria in the designs of these components. Assuming that 100% good core are available and an average use of 50,000 hours (arbitrary), Figure 8 describes the theoretical manufacturing energy intensity (energy required to originally manufacture and remanufacture components per hour of use) of a generic cylinder head. If the overall energy required to sustain a component's use was a powerful driver, this understanding would be imperative to justifying design changes that would impact remanufacturing. 
CONCLUSIONS
Manufacturers are now being motivated by a "green customer base," public demands for corporate responsibility, and potential energy/carbon legislation to address environmental concerns, most notably the large amount of energy use and its contributions to global climate change. In response, corporations are becoming more proactive in building an understanding of the environmental performance of the products they produce.
While there are oft-quoted environmental benefits to remanufacturing, there had been no prior process-specific assessment of the environmental performance of original manufacturing and remanufacturing of engine components. This work has attempted to fill a portion of that gap.
This work has developed a methodology to and performed a life cycle assessment of engine manufacturing and remanufacturing from the perspective of an OEM. The major findings of this work have been summarized as follows:
• Supply of used engine component cores in remanufacturing operations reduces demand for newly manufactured metal parts by approximately 60%, and the remainder of parts that must be supplied from new represent the primary inhibitor to greater energy and material savings.
• The observed process energy required to remanufacture primary engine components ranged on the order of 41-55% of the original manufacture, while in the idealized scenario of having 100% good core, current processes could produce these engine components for 5-25% of the energy utilized in the original manufacturing processes.
• With existing salvage processes, the melt to melt energy intensity of engine components can be cut in half with just two additional uses.
This research has established a process-specific method for calculating the difference in environmental performance between original manufacturing and remanufacturing of engine components. While it contains some limitations, this work has established the first process-specific picture of the differences in environmental performance and established a logical framework for further studies. Further work should focus on expanding the scope of the study to include more engine assembly components and suppliers.
